The mouse Mdm2 gene, originally cloned from a spontaneously transformed derivative of mouse 3T3 cells (Fakharzadeh et al., 1991) , is frequently found ampli®ed and overexpressed in a variety of tumors (for reviews on Mdm2 see Juven-Gershon and Oren, 1999; Lohrum and Vousden, 2000; Momand et al., 2000; Caspari, 2000) . The oncogenicity of Mdm2 has been attributed mainly to its ability to bind the p53 tumor suppressor protein and to inhibit its transcriptional activity (Momand et al., 1992; Oliner et al., 1993) . Mdm2 functions as an E3 ubiquitin ligase (Honda et al., 1997) , that binds to p53 and targets it to proteasome-mediated degradation (Kubbutat et al., 1997; Haupt et al., 1997) .
Several lines of evidence suggest that Mdm2 may regulate normal and abnormal growth not only by inhibiting p53 function, but through p53-independent mechanisms as well. For example, Mdm2 has been shown to bind E2F1 and enhance E2F-mediated transcriptional activity (Martin et al., 1995) . Additionally, Mdm2 can interact with pRB and relieve at least some of its inhibitory functions (Xiao et al., 1995; Sun et al., 1998) . Hence, Mdm2 may enhance E2F transcriptional activity either through direct binding or by releasing E2F from repression by pRb. Recently, it has been shown that Mdm2 can interact with the transcription factor Sp1 and inhibit its DNA-binding activity (Johnson-Pais et al., 2001) . Interestingly, pRb can counteract this inhibition (Johnson-Pais et al., 2001) . Other proteins that have been shown to interact with Mdm2 in a p53-independent manner are the developmental regulator hNumb (Juven-Gershon et al., 1998) and Akt/PKB, a kinase with anti-apoptotic properties (Mayo and Donner, 2001; Gottlieb et al., 2002) .
A homology search of the¯y database did not reveal any sequence with signi®cant similarity to mammalian Mdm2 (data not shown), suggesting that a true Mdm2 homolog does not exist in Drosophila. Furthermore, while Drosophila contains a p53 homolog (dp53), the residues that are involved in the mammalian p53-Mdm2 interaction are not conserved in dp53 (Ollmann et al., 2000; Brodsky et al., 2000; Jin et al., 2000) . The presumptive inability of mammalian Mdm2 to interact with the¯y p53 makes Drosophila an interesting system for studying p53-independent interactions of Mdm2 with its partners in vivo. For this purpose, we generated a Drosophila¯y line bearing an UAS-Mdm2 transgene. We report here that the overexpression of mammalian Mdm2 in the¯y causes marked developmental phenotypes. At least in the wing, this phenotype can be attributed to the induction of apoptosis.
The mouse Mdm2 cDNA was cloned into the pUAS-T vector (Brand and Perrimon, 1993) and the resulting UAS-Mdm2 construct injected into Drosophila embryos. Eleven independent transgenic Drosophila lines were generated.
To visualize the expression of Mdm2 protein in Drosophila, one UAS-Mdm2 line was crossed with the en-GAL4 line (engrailed enhancer), which is segmentally expressed in the embryo. As shown in Figure 1 , expression of transgenic mouse Mdm2 was detected in Oncogene (2002) All eleven UAS-Mdm2 lines were next crossed with Drosophila strains expressing GAL4 under the control of either MS1096 or the glass multimer reporter (GMR) (Hay et al., 1994) . The MS1096 enhancer is expressed in the wing imaginal disc, while GMR is expressed posterior to the morphogenetic furrow in the eye imaginal disc (Chang et al., 1994) . Both crosses gave rise to Mdm2-induced phenotypes. In each case, the phenotypes varied in severity, depending on the insertion line used (Figures 2 and 4 ). In the wing, the consequence of Mdm2 overexpression was either blistered or gnarled wings (Figure 2b ,c, respectively; Figure 2d shows a larger magni®cation of the gnarled wing in Figure 2c ). In the eye, we observed either rough or small eyes ( Figure 4b ,e,c,f, respectively). The dierent severity can usually be explained by insertion site-speci®c eects on the transgene expression level (Spradling and Rubin, 1983) . Accordingly, one representative weak UAS-Mdm2 (Mdm2 w ) and one representative strong UAS-Mdm2 (Mdm2 s ) line were selected for further characterization.
In mammals, Mdm2 interacts with proteins that are key regulators of apoptosis and cell proliferation. Therefore, we tested whether either of these processes was aected in Mdm2-expressing larvae. Apoptosis was monitored in wing imaginal discs of third instar larvae through the use of TUNEL staining. In wing imaginal discs of control¯ies, there were only very few TUNEL positive cells (Figure 3a) . In contrast, we observed a dramatic increase in the number of TUNEL-positive cells in Mdm2-expressing larvae (Figure 3b ). The induction of extensive apoptosis was con®rmed by staining the wing imaginal discs with the CM1 antibody (Figure 3c ), which detects activated forms of caspase-3 and caspase-3-related proteases that appear in apoptotic cells (Srinivasan et al., 1998) . Hence, the extent of apoptosis in UAS-Mdm2 expressing wing imaginal discs is signi®cantly higher than in wild type discs. It thus seems plausible that the phenotype observed in adult wings is a result of ectopic apoptosis induced by Mdm2 in third instar larvae. Unexpectedly, double staining for Mdm2 and CM1 reactivity (Figure 3d ) revealed that the imaginal disc areas displaying the most intense CM1 staining appeared negative for Mdm2 (arrow). In contrast, expression of GFP under the same UAS revealed positive staining in the corresponding areas (Figure 3e ). This suggests that at the time when caspases become fully activated following Mdm2 induction, the Mdm2 protein is degraded. It is of note that, in mammalian cells, the endogenous Mdm2 protein is indeed cleaved by caspases during apoptosis (Chen et al., 1997; Erhardt et al., 1997; Pochampally et al., 1998) ; most probably, the same happens also in the insect wing imaginal disc cells.
In contrast to the dramatic induction of apoptosis, staining for proliferation with an anti-phosphohistone antibody (Upstate Biotechnology Inc.) revealed no increase in the number of proliferating cells in wing imaginal discs overexpressing Mdm2 (data not shown).
Mdm2 was also expressed in the compound eye under the control of GMR. This resulted in either rough or small eyes (Figure 4 ). In the rough eyes (Figure 4b,e) , one can observe disorganization of the bristles, while some ommatidia are fused. In the small eyes (Figure 4c,f) , there was complete disorganization Flies carrying UAS-Mdm2 were generated by P-element transformation. The EcoRI fragment of the mouse Mdm2 cDNA (subclined from plasmid X2; Barak et al., 1994) was ligated into the pUAST vector (Brand and Perrimon, 1993) linearized with EcoRI. The resulting plasmid (UAS-Mdm2) was injected into embryos of the Drosophila line yw, using standard procedures. This allowed screening for UAS-Mdm2 lines by eye color. Expression of UAS-Mdm2 in the embryo was driven by en-GAL4. Detection of Mdm2 expression was done using standard immunohistochemistry staining procedures for Drosophila embryos, utilizing the 4B2 anti-Mdm2 antibody (Chen et al., 1993) of the bristles, whereas ommatidia were hardly visible at all. Apoptosis assays performed on the eye imaginal disc of third instar larvae failed to reveal an increase in the number of apoptotic cells within the Mdm2-expressing domains (data not shown), unlike what was observed in the wing. No increase in proliferation was evident either (data not shown).
To further investigate the mechanism underlying the phenotypic eects of Mdm2 in the Drosophila compound eye, we generated a recombinant chromosome 2 carrying both the Mdm2 s transgene and GMR-GAL4 (the resultant¯ies are hereafter referred to as the Mdm2;GMR/CyO line). This line is convenient for the study of potential genetic interactions between Mdm2 and Drosophila genes. We initially crossed Mdm2;GMR/CyO with a line containing the antiapoptotic baculovirus p35 gene (UAS-p35; Hay et al., 1994) . This cross did not rescue the Mdm2-induced eye phenotype. This result is consistent with the lack of evidence for apoptosis in the Mdm2-overexpressing eye disc. However, it still remains possible that the eye phenotype is due to apoptosis by a p35-independent pathway, occurring at a later stage during development (e.g. pupation) (Meier et al., 2000) .
As Mdm2 has been shown to interact with E2F1, hNumb and Akt in cultured mammalian cells, possible genetic interactions between Mdm2 and these proteins in the Drosophila eye were evaluated by setting up (Srinivasan et al., 1998) . Staining was performed according to standard immunohistochemistry procedures employed for imaginal discs. Note the extensive accumulation of active caspase in a large region of the disc. No distinct cell boundaries can be discerned within the most intensely stained area, suggesting that cells within this area may have disintegrated, releasing excessive amounts of activated caspase into the resultant cavity. (d) Double staining of a transgenic wing disc for activated caspase (CM1, red) and Mdm2 (4B2, green). 4B2 staining was visualized with the aid of FITC-conjugated donkey anti-mouse immunoglobulins (diluted 1 : 1000), whereas CM1 staining was visualized with Cy3-conjugated donkey anti-rabbit immunoglobulins (diluted 1 : 1000). (e) Expression of GPF in the wing imaginal disc was driven by MS1096-GAL4. GFP was visualized by direct inspection under a¯uorescent microscope pertinent genetic crosses. Mdm2;GMR/CyO¯ies were crossed with lines Akt1 04226 and E2F 07172 , that are mutants for Dakt and dE2F, respectively, as well as with lines UAS-Dakt, GMR-E2F and UAS-Numb, that overexpress the corresponding proteins. Neither of these crosses was able to rescue the eye phenotype (data not shown). It remains possible that genetic interactions do take place between Mdm2 and either dE2F, Dakt or Numb, but manipulation of either of these proteins alone is insucient to achieve a major change in the phenotype. It is interesting to note that, in an experimental system where Mdm2 was overexpressed in mouse mammary gland, Mdm2 was found to cause S phase deregulation independently of either p53 or E2F1 (Reinke et al., 1999) .
Mdm2;GMR/CyO¯ies were also crossed with a line overexpressing dominant-negative dp53 (UASDNdp53) (Ollmann et al., 2000) . Even though the two proteins are not expected to interact directly, it is still plausible that Mdm2 exerts inhibitory eects on eye development in the¯y through a p53-dependent stress pathway. However, as in the other crosses, DNdp53 failed to rescue the Mdm2-induced eye phenotype. The failure of DNp53 to counteract the Mdm2 phenotype is not surprising, since p53 appears to only induce apoptosis and not cell cycle arrest in Drosophila eyes, and furthermore it only does so in response to radiation (Ollmann et al., 2000; Brodsky et al., 2000; Jin et al., 2000) .
A variety of earlier studies have addressed the eect of overexpressed Mdm2 on mammalian cells, in culture as well as in vivo. Of particular interest, it was found that excess Mdm2 can exert a growth inhibitory eect in some, but not all, cultured mammalian cells (Brown et al., 1998) . The relevance of those observations to our ®ndings is presently unknown, but it is tempting to speculate that some of the underlying inhibitory mechanisms may be shared between these two very dierent types of experimental systems. In vivo studies, based primarily on tissue speci®c Mdm2 overexpression in transgenic mouse models, revealed that excess Mdm2 can disrupt normal tissue dierentiation and cell cycle control, often leading to aberrant cell proliferation and increased tumorigenicity (Alkhalaf et al., 1999; Ganguli et al., 2000; Jones et al., 1998; Lundgren et al., 1997; Reinke et al., 1999) . Of note, at least some of these eects were p53-independent, reinforcing the notion that Mdm2 has additional molecular targets, at least when expressed in high amounts.
The experiments described in the present study demonstrate that mouse Mdm2 is able to interfere with normal Drosophila development, leading to conspicuous phenotypic aberrations. Hence, Mdm2 can impinge on pathways that operate during¯y development, strongly suggesting that it is able to interact with one or more regulatory¯y proteins. The ®ner analysis of the mechanisms triggered by excess Mdm2 in the¯y may provide new insights into understanding Mdm2 function.
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